We present the results of an analysis of time-series photometry, Ca II H and K spectrophotometry, and high-dispersion visible spectra of nine nearby Sun-like stars recently identiÐed as having planets. For the six stars whose presumed planets have orbital periods of less than 4 months (q Boo, 51 Peg, t And, o1 Cnc, o CrB, and 70 Vir), sine-curve Ðts to the photometric data show no variations with semiamplitude greater than 1 or 2 parts in 104. Photometric variations in 47 UMa are similarly small, although our photometric data of this star are slightly a †ected by variability of the comparison star. Nonvariability at this level of precision is sufficient to rule out surface magnetic activity as the cause of the observed radial-velocity variations in these seven stars and makes nonradial pulsations unlikely as well. Thus, our photometry provides indirect but strong support for true reÑex motionsÈplanetsÈin these seven stars, but cannot yet so support the planetary hypothesis for the two additional stars, 16 Cyg B and Gl 411. Continued photometric monitoring of the short-period systems may soon result in the direct detection of these planets in reÑected light. We have used our photometric Ñuxes to search for possible transits of the extrasolar planets. Transits deÐnitely do not occur in q Boo, 51 Peg, t And, and o1 Cnc, and probably do not occur in o CrB and 70 Vir. Our transit-search results are inconclusive for 47 UMa, and we cannot address the issue for 16 Cyg B and Gl 411. The precision of our photometry is sufficient to detect transits of planets even if they are not gas giants, as currently assumed, but much smaller objects with rocky compositions. The chance of Ðnding at least one transit in the six stars is D40%. We Ðnd signiÐcant year-to-year photometric variability only in q Boo, which is not only the youngest star in the sample but also the star with the shallowest convective zone. The interseasonal range in its yearly mean photometric Ñux is D0.002 mag, roughly twice the 0.0008 mag decadal variation in the SunÏs total irradiance. Monitoring of the relative Ca II H and K Ñuxes began between 1966 and 1968 for 51 Peg, q Boo, o CrB, and Gl 411, between 1990 and 1993 for 47 UMa, 70 Vir, 16 Cyg B, and o1 Cnc, and in 1996 for t And. The data have been newly recalibrated for improved long-term instrumental stability, resulting in better precision of the Ca II records. Five of the nine stars in this study have little or no detectable year-to-year variation in Ca II Ñux. The remaining four show moderate or pronounced variability : q Boo, whose radial-velocity and photometric variations have comparatively high amplitudes ; Gl 411, whose planetary companion was inferred astrometrically, not spectroscopically ; o1 Cnc, which may undergo decadal cyclic activity ; and t And, which shows moderate year-to-year variability. Except for 47 UMa, intraseasonal variability consistent with rotation was detected in the Ca II records of all stars. However, the rotation periods determined for t And, 70 Vir, and 16 Cyg B are of low conÐdence. An examination of the recalibrated Ca II records for 51 Peg Ðnds a rotation period of 22 days, in contrast to our previous result of 37 days. Ages have been estimated from the mean Ca II Ñux and, where possible, the rotation period. We Ðnd general consistency with the ages determined by others comparing properties determined from high-resolution spectroscopy to evolutionary models, although the uncertainties are, in general, large.
INTRODUCTION
At the Ninth Cool Stars Workshop in 1995 October in Florence, Italy, Mayor & Queloz (1996) reported evidence for an extrasolar planet in orbit around a lower mainsequence star (51 Peg). In the next 2 yr, eight additional solar-type stars were announced to have planetary-mass companions. We have previously analyzed photometric and Ca II H (396.8 nm) and K (393.3 nm) spectroscopic measurements of six of these stars (plus HD 114762, reported earlier to have a probable brown dwarf companion) to study photometric variability, surface magnetic activity, rotation, and age. Results for 51 Peg, 47 UMa, 70 Vir, and HD 114762 were discussed in Henry et al. (1997a, hereafter Paper I) . Results for o1 Cnc, q Boo, and t And were presented by Baliunas et al. (1997, hereafter Paper II) . In this paper we discuss results on o CrB, 16 Cyg B, and Gl 411 (\ Lalande 21185). We also provide new observations and analyses of the stars in Papers I and II and extend our search for photometric transits of the planets. Additional planetary candidates from new and extended planetarysearch surveys continue to be announced (e.g., Mayor et al. 1998 ; Butler et al. 1998 Butler et al. , 1999 Fischer et al. 1999 ) ; our observations and analyses of these additional stars and planets will be discussed in future papers.
Photometric and spectroscopic observations are an important component of current planetary-search programs, especially those based on radial-velocity techniques. Detailed knowledge of a starÏs surface magnetic activity and level of photometric variability can strengthen the inference of planetary companions based on radial-velocity observations alone. Variability in lower main-sequence stars, caused by, e.g., starspots, plages, or pulsations, may produce radial-velocity variations that are similar in amplitude and timescale to true reÑex velocities (Hatzes 1996 ; Saar & Donahue 1997 ; Saar, Butler, & Marcy 1998) . For example, periodic radial-velocity variations in HD 166435 were Ðrst attributed to planetary reÑex motions, but were later found, from photometric and spectroscopic observations, to be caused by surface magnetic activity (Queloz et al. 1999 ). Thus, photometric and Ca II H and K observations can be used to explore alternative explanations for radial-velocity variations and so support or refute the inference of new planetary candidates. Moreover, the detection of a photometric transit of an extrasolar planet at the epoch of inferior conjunction would prove the existence of a planet and would lead directly to information concerning its true (as opposed to minimum) mass, size, and density. Those parameters are important for improving theoretical models of the composition and origin of extrasolar planets (e.g., Saumon et al. 1996 ; Guillot et al. 1997 ; Ward 1997 ; Boss 1997 Boss , 1998 Trilling et al. 1998 ; Sandquist et al. 1998 ; Marley et al. 1999 ; Seager, Whitney, & Sasselov 1999) .
We describe our photometric, spectrophotometric, and spectroscopic observations in°2 and detail the analyses of these data in°3. The results for individual stars are discussed in°4, and a general discussion of our Ðndings is provided in°5.
OBSERVATIONS

Photometry
Photometric observations were made with three automatic photoelectric telescopes (APTs) at Fairborn Observatory. Until 1996 July, Fairborn was located at the Fred L. Whipple Observatory on Mount Hopkins. During the summer of 1996, the APTs were relocated to Fairborn ObservatoryÏs new site at 5700 ft. in the Patagonia Mountains of southern Arizona (Eaton, Boyd, & Henry 1996) .
The VanderbiltÈTennessee State 0.4 m APT uses a temperature-stabilized EMI 9924B bi-alkali photomultiplier tube to acquire data through Johnson B and V Ðlters. Each program star is measured in the following sequence, termed a group observation : K, sky, C, V, C, V, C, V, C, sky, K, where K is a check star, C is the comparison star, and V is the program star. Three V[C and two K[C di †erential magnitudes are calculated and averaged together to create group means. The group means are corrected for di †erential extinction with nightly extinction coefficients, transformed to the Johnson system with yearly mean transformation coefficients, and treated as single observations thereafter. External precision of the group means, based on standard deviations for pairs of constant stars, is 0.003È0.004 mag on good nights. This is roughly the scintillation noise expected in these observations.
The Observations are reduced di †erentially with each of the comparison stars, corrected for atmospheric extinction with nightly extinction coefficients, transformed to the system, and combined into group mean di †eren-Stro mgren tial magnitudes, which are then treated as single observations. Finally, we combine the b and y Ðlter data, (b ] y)/2, to increase precision, as done by Lockwood, Ski †, & Radick (1997) in their manual photometry of solar-type stars. External precision of single observations from the 0.75 m APT averages about 0.0015 mag on good nights ; precision of the 0.80 m APT is about 0.0011 mag. As is the case for the measurements made by the 0.4 m APT, scintillation noise is the dominant source of error for the measurements made by the larger APTs.
All three telescopes make extensive observations of standard stars each night to allow us to determine the nightly extinction and to track any long-term instrumental changes. Since the APTs collect data whenever they can Ðnd stars, they sometimes do so under less than optimal conditions. Therefore, we use the standard deviation of the group mean magnitudes (a measure of the internal precision) and the quality of the standard-star solutions to discard poor measurements. Further details of telescope operations and data-reduction procedures can be found in Paper I and Henry (1995a Henry ( , 1995b Henry ( , 1999 .
Ca II H and K Spectrophotometry
The Ca II H and K measurements were made with the 100 inch (1966È1977 and 1995Èpresent) and 60 inch (1978È1995) telescopes at Mount Wilson Observatory as part of the ongoing HK Project (Baliunas et al. 1998) . In that program, measurements of the Ca II H and K lines for several thousand stars are made as a proxy for surface magnetism.
The observed quantity, S, is the Ñux measured in two 0.1 nm passbands centered on the H and K lines normalized by two 2.0 nm wide sections of photospheric Ñux centered at 390.1 and 400.1 nm. A nightly calibration factor is determined from measurements of a standard lamp and standard stars (Baliunas et al. 1995) . The night-to-night rms precision of the lamp is on the order of 0.5%, while the standard stars have an average standard deviation of D1.5%, which limits the lowest amplitude of variability that can be detected on timescales of years to approximately 1%.
In his survey of stellar activity cycles, Wilson (1978) used 18 standard stars. Over the course of continued monitoring, several of these stars have been dropped as standard stars because they began to show signiÐcant low-amplitude variations over decades. To improve the precision of the stellar records, we have replaced the most variable standard stars with stars of spectral classes A0ÈF0, under the assumption that their Ca II Ñux variations should be nearly, if not completely, absent.
In the last 2 yr we have not only incorporated the new standard stars, but also revised our data-calibration procedure. We have recalibrated and reanalyzed all of the Ca II records for the stars presented here. In most cases, the rotation periods inferred from the records with the new calibration are similar to the previously published values. For some stars, new detections of low-amplitude rotational modulation have been made, which, in turn, have led us to review some of the results presented in Papers I and II.
Spectroscopy
High-dispersion spectroscopic observations were obtained at the Kitt Peak National Observatory (KPNO) with the feed telescope, spectrograph, and a TI coude coude CCD. The wavelength region observed was centered at 643.0 nm. The spectra have a wavelength range of 8.0 nm, an instrumental resolution of 0.021 nm, corresponding to a velocity resolution of 9.8 km s~1, and a typical signal-tonoise ratio of 200 or more.
With the procedure of Fekel (1997) , rotational velocities were determined from the KPNO red-wavelength spectra for all stars except t And. The FWHM of about a halfdozen weak or moderate-strength lines was measured and the results averaged. Instrumental broadening was removed, and the calibration polynomial of Fekel (1997) was used to convert the resulting broadening in nm into a total line broadening in km s~1. For Gl 411 and o1 Cnc, a macroturbulence of 2 km s~1 was assumed, while for q Boo, 4 km s~1 was used. For all other stars, the assumed value was 3 km s~1. The errors estimated for the rotational velocities range from 0.5 to 1.5 km s~1 and depend on the value of the rotational velocity itself and the number of spectra obtained. Uncertainties are greatest for the stars having the smallest v sin i values, since their line widths are dominated by macroturbulence rather than rotation. The number of spectra range from a single one for both Gl 411 and 51 Peg to eight for q Boo. Four of the stars appear in the compilation of Fekel (1997) , and for two, 70 Vir and o1 Cnc, no additional observations have been obtained. However, the number of observations for q Boo has increased from six to eight, while the number for 16 Cyg B has gone from one to four. Our new v sin i values for those stars supersede the values of Fekel (1997) ; values for the other four stars are new results. Tables 1 through 6 summarize the stellar and planetary properties of the nine systems and the results of our analyses. All tables list the stars in order of increasing orbital period of the planetary companions. Table 1 gives stellar properties. Distances are derived from parallaxes in the Hipparcos catalogue (Perryman et al. 1997) . Except where noted, metallicities and masses are from Gonzalez (1997 Gonzalez ( , 1998 and Gonzalez & Vanture (1998) . The sources of the e †ective temperatures are (T eff ) discussed individually below, along with other quantities used to compute absolute magnitudes, luminosities, and radii. Table 2 summarizes properties of the extrasolar planets and their orbits, including orbital period, eccentricity, orbital radius, radial-velocity amplitude, mass, and the citation for the discovery of each object. When available, updated values obtained through private communications are listed. Table 3 summarizes our precision photometry on each star. The yearly mean magnitudes are in the Stro mgren (b ] y)/2 bandpass, except for Gl 411, which is in the Johnson (B ] V )/2 bands. The standard deviations (p) are the deviations of single observations from the yearly mean magnitudes and are measures of the night-to-night variability in each star. All values of p are near the expected limits of precision for their respective instruments, which implies that measurable short-term variability is not present in any star. Also listed are the standard deviations of the mean magnitudes i.e., the standard deviation (col.
ANALYSES
[6]) (p mean ), divided by the square root of the number of observations for the year (col. [4] ). These are typically 0.0001 or 0.0002 mag and demonstrate the precision with which we measure the yearly means. Table 4 gives the results of our photometric analyses. The semiamplitudes are derived from sine-curve Ðts to the photometric data, assuming the planetary orbital periods given in Table 2 , and serve as estimates of the maximum Noyes et al. 1997a Noyes et al. , 1997b ; (4) Marcy & Butler 1996 ; (5) Butler et al. 1999 ; (6) Cochran et al. 1997 ; (7) (8) Gatewood 1996. photometric variability possible at the orbital period. Because the orbital periods obtained from the radialvelocity data have been determined to high precision (i.e., >0.1%), our assessment of photometric semiamplitude is not signiÐcantly altered if we permit the period of the sine curve to vary within several standard deviations of the period measurement error. All semiamplitudes in Table 4 are within 1È2 p of zero ; i.e., within the uncertainties of the photometry, the stars are constant at the orbital periods. A measure of the long-term (year-to-year) variability of each star, is given as the standard deviation of the starÏs p long , yearly mean magnitudes (from col. [5] of Table 3 ) with respect to the mean of the starÏs mean magnitudes. Most, but not all, are near the 0.0001È0.0002 mag limit of precision for yearly means, indicating no long-term variability at this level. The listed geometric probability that photometric transits of a planet can occur is computed as the ratio of the stellar radius to the semimajor axis of the planetary orbit (Schneider 1996) . Finally, the results of our search for these photometric transits are given. Table 5 summarizes the analysis for stellar axial rotation determined from the spectra and Ca II records. The values of v sin i found from spectra are from this work, except for t And. Following the v sin i values in the table are the predicted rotation period, which is based on a starÏs P calc , B[V color index and the average Ca II Ñux, SST (Noyes et al. 1984) , and periods seen in the Ca II records. Those periods were determined from periodogram analysis (Horne & Baliunas 1986 ) for each observing season (D120È150 nights) that had sufficient observations (typically 30 or more observations on 10 or more nights). The mean period, SPT, the rms and range of periods found, and the number of seasons, in which a period that might be attributable to N P , rotational modulation was detected are also given in Table   5 . A range of periods or secular changes in the observed period may be caused by surface di †erential rotation (Baliunas et al. 1985 ; Donahue 1993) or the inÑuence of active-region growth and decay, or both, but detailed analysis of these e †ects is beyond the scope of this paper. We also assign a subjective grade for the quality of the period detection as conÐrmed, probable, or weak. The grade is based on two criteria : (1) whether a period occurs near the same frequency in more than one season ; and (2) the signiÐcance of the periodogram peak(s). Table 6 summarizes the year-to-year variability of the Ca II records on timescales of years. Four of the nine stars have been observed regularly since 1966, and their records are shown in Figure 1 . The others were added subsequently as part of an extended program concentrating on a sample of stars with B[V and SST close to the SunÏs, or after the detection of an extrasolar planet (in the case of t And), and their records are shown in Figure 2 . The average Ca II Ñux, SST, is calculated over the length of the entire record from the mean value of 30 day averages of S. This was done because the frequency of observations before and after 1980 is substantially di †erent. Prior to 1980, a set of 4È5 obser- a SST is the mean value of 30 day means of S. It is calculated in this manner to account for di †erences in data sampling before and after 1980 (Baliunas et al. 1995 Table 6 , is the number of 30 day N 30 means used to calculate SST, and is the total number N total of observations. The ages listed in Table 6 were determined from the mean Ca II Ñux by means of a relationship between magnetic activity and age (Soderblom, Duncan, & Johnson 1991 ; Donahue 1998 ). An accurate determination of age from the mean measure of activity requires that the Ca II Ñux be averaged over e †ects such as rotation, growth and decay of Ca IIÈemitting regions, activity cycles, and longer period variations (e.g., Maunder minima). If only a few observations of the Ca II Ñuxes of a star such as the Sun at random phases of long-term activity Ñuctuations are available, then its age may have an uncertainty of D2È3 Gyr. For stars whose Ca II records are well sampled over several activity cycles (or the characteristic timescale of variability if it is not cyclic), the uncertainty in age determined from SST is improved because the variations causing uncertainty have been more properly averaged. If a star is in an undetected Maunder minimum phase (which can last for several decades), the age can be overestimated by several (D2È5) Gyr. Donahue (1998) used a sample of binaries whose Z20 Ca II records ranged from as short as one night to as long as several decades to determine the distribution of uncertainty that would be introduced in an age estimate by activity variability, and found that for stars older than 2 Gyr, the age discrepancy is typically below 1 Gyr. This sets a rough indication of the uncertainty of activity-derived ages.
The age estimate may also be improved if the rotation period is known. However, as mention above, surface di †er-ential rotation is undoubtedly present, and consequently, the age estimated from one or only a few measurements of rotation period may be uncertain. For inactive stars with Ñat activity records, rotation is a better indicator of age than activity, since rotation can reveal whether a star is in a temporary Maunder minimum stateÈthe rotation in that case is anomalously rapid for the average activity level. However, the likelihood of detecting rotational modulation during a Maunder minimum is smaller, because of lower activity.
Given the mass (e.g., B[V color index) of a lower mainsequence star and one of three parameters (age, rotation period, or mean activity level), the other two parameters can be calculated. The parameters are coupled through a mechanism like the magnetic dynamo, but the explicit form of the coupling between parameters has only been determined empirically.
For the stars with long records or for which rotation has been well determined, our age estimates are fairly good, perhaps Gyr. In the case of a star with a shorter (\20 [1 yr) time series but well-determined rotation period, the age uncertainty may be on the order of D1 Gyr. If rotation has been detected (but not resolved over surface di †erential rotation), the age uncertainty is possibly D1È3 Gyr.
Planets orbiting active (i.e., younger and more rapidly rotating) stars should be harder to detect owing to the presence of surface inhomogeneities larger in area or covering more of the surface that introduce Ñuctuations in the precise radial-velocity measurements through changes in spectral line shapes (Saar & Donahue 1997) . In some cases, changing line shapes may mimic radial-velocity variability and erroneously suggest a planet at the rotation period, for example HD 166435 (Queloz et al. 1999) . Five of the stars in Table 6 , 51 Peg, o CrB, 70 Vir, 16 Cyg B, and 47 UMa, are relatively inactive in Ca II Ñuxes, i.e., they show low average surface activity and little Ñux variability.
In terms of the pattern of variation in the Ca II H and K Ñuxes on timescales of decades, Baliunas et al. (1995) classiÐed 51 Peg and Gl 411 as variable, (i.e., signiÐcant variability without pronounced periodicity), listed a small-amplitude cycle period of D12 yr for q Boo, and classiÐed o CrB as long (i.e., with a timescale longer than 25 yr). Classes in Table 6 di †er because we now regard q Boo as variable and 51 Peg as long, as a result of the longer record and improved data calibration used here. Gl 411 is still classiÐed as variable.
DISCUSSION OF INDIVIDUAL STARS
The nine stars are discussed below in the same order as they are listed in Tables 1È6 above, i.e., in order of increasing orbital period of their planetary companions. The mass and radius estimates used in these discussions to predict possible transit depths are based on the assumption that the planetary orbital inclinations are 90¡, so that the true planetary masses would equal the minimum masses found from the radial-velocity observations.
q Boo (\ HD 120136 \ HR 5185)
The companion to q Boo was discovered by Butler et al. (1997) . Stellar properties were discussed in that paper and in Paper II ; these properties are summarized in Table 1 . We have computed the absolute magnitude, luminosity, and radius in Table 1 , with V \ 4.50 and et al. (1977) , and a bolometric correction of [0.004 (Flower 1996) . Properties of the planet and its orbit given in Table 2 are from Butler et al. (1997) , with updates from G. W. Marcy (1998, private communication) .
Photometry
After Gray (1997) announced that nonradial pulsations in 51 Peg might explain its observed radial-velocity variations (see discussion below), we planned extensive photometric and Ca II H and K spectroscopic observations of q Boo during 1997. With a velocity amplitude nearly 10 times larger than that of 51 Peg, q Boo might be expected to show photometric e †ects arising from pulsations if pulsations were the cause of the radial-velocity variations. In 1997 April, we acquired 234 group observations with the 0.75 m APT by devoting several nights around the time of opposition to constant monitoring of q Boo and its comparison stars. Our 6 yr of photometry, including the intensive monitoring in 1997, are summarized in Table 3 . The yearly mean magnitudes are di †erential (b ] y)/2 magnitudes, in the sense of q Boo minus the comparison star HD 121560 (F6 V). It is apparent that q Boo exhibits year-to-year brightness changes ; the mean magnitudes vary by 0.002 mag, 10 times their mean errors. We see precisely the same variations when q Boo is measured with respect to another comparison star (HD 120601, F0). There is a faint M dwarf companion (*m D 7) located only 5A from q Boo that is included in the photometer diaphragm whenever we measure q Boo. For this faint companion to account for the observed yearto-year variations in q Boo, it would have to vary by a factor of 2, an unlikely scenario. Therefore, we can conclude that the observed variations are indeed intrinsic to q Boo itself. The standard deviation of the yearly means from the mean of the means, the measure of long-term variability, is 0.0008 mag (Table 4) , signiÐcantly larger than the precision with which we typically measure the yearly means.
To search for photometric pulsations at the value of the inferred orbital period of the planet, the year-to-year photometric variation was removed by shifting the data from each season to the mean brightness of the Ðrst observing season. The adjusted photometric Ñux is plotted in Figure 3 
of G. W. Marcy (1998, private communication) . Zero phase is the time of midtransit for favorable orbital inclinations. The semiamplitude of a sine-curve Ðt to the data with the period Ðxed to the planetary orbital period is 0.00011^0.00009 mag (Table 4) . This result is a tighter constraint on variability than we were able to report in Paper II. Periodogram analysis of the individual seasons and of the six seasons taken together reveal no signiÐcant periods, including the unexplained 116 day periodicity in the Ca II record reported in Paper II (see°4.1.2). The small standard deviations of the nightly observations (Table 3 , col.
[6]) provide additional evidence for the short-term photometric nonvariability of q Boo. These results, plus the lack of periodic changes in the shapes of q BooÏs spectroscopic line proÐles , support the conclusion that a planet is the source of the radial-velocity variations.
The bottom panel of Figure 3 shows an expanded portion of the phase curve around the time of conjunction ; an additional night of intensive observations from the 0.80 m APT scheduled within the predicted phases of a possible planetary transit has been added (open circles). These observations were not included in the sine-curve Ðtting (Fig. 3, top) to avoid biasing in the phase distribution. The solid line shows the drop in light that would result if q Boo b were to transit centrally across the stellar disk. With a stellar radius of 1. 41 and an orbital radius of 0.046 AU, transits could occur R _ for orbital inclinations in the range
The radius of 90¡^8¡ .1. the planet is computed to be by Guillot et al. (1997) , 1.2R Jup so the photometric depth of a planetary transit would be 0.008 mag. The duration of a central transit would bê 0.022 phase units, or 3.6 hr. The probability that q Boo would show transits, among a group of stars with the Vol. 531 same planetary system whose orbits are randomly inclined to the line of sight, is 14%. The uncertainty in the time of midtransit, according to G. W. Marcy (1998, private communication) , is only about 36 minutes, or 0.007 phase units. It is clear from the Ðgure that transits do not occur. The inclination of the orbit to our line of sight must be smaller than 82¡. 4.1.2. Ca II H and K Spectrophotometry q Boo is the most massive as well as the youngest of our stars. The Ca II Ñux record for q Boo is plotted in Figure 1 . A D116 day period, reported in Paper II, appears in the Ca II Ñuxes, but not in the photometric or radial-velocity data. This variation is not explained by the familiar phenomena of rotation, growth and decay of surface features, or an activity cycle.
We Ðnd a rotation period of 3.2 days (Table 5 ), similar to but more conÐdently determined than the result in Paper II. We give a grade of probable to the mean value of 3.2 days, primarily because the amplitude of variation is weak. Despite the small amplitude, rotational modulation is seen in 13 seasons, with periods between D2.6 and 4.1 days, a range that may be an expression of surface di †erential rotation.
None of the observed periods approaches the predicted period of days, which is calculated from P calc \ 5.1 SS, 1966ÈpresentT. The v sin i \ 14.9^0.5 km s~1 is consistent with either the measured rotation period of 3.2 days or the estimated period, if the condition is
is the largest surface velocity (e.g., the v max equatorial velocity of the Sun), and assuming that the shortest period from the Ca II record is close to the equatorial periods.
The observed rotation period is similar to the planetary orbital period (3.3 days), and might indicate an inÑuence of Ca II Ñux variability on radial-velocity variation and so seem to weaken the case for the existence of a planet. However, q Boo has the largest radial-velocity amplitude of any of the stars in this sample (463 m s~1), which is well in excess of the e †ects of surface magnetism and convection on velocity (Paper I). This is the only case in which the starÏs rotation period and the planetÏs orbital period of revolution are nearly equal.
The starÏs SST and B[V color imply an age of 2 Gyr : older, but not greatly so, than the estimates of 1.0^0.6 Gyr (Fuhrmann, Pfei †er, & Bernkopf 1998) and 1^1 Gyr (Ford, Rasio, & Sills 1998) . Gonzalez (1998) gives a younger age, less than 1 Gyr. Based on the starÏs observed rotation period of 3.2 days, we estimate an age of D1 Gyr, in agreement with the aggregate of ages estimated by other methods.
51 Peg (\ HD 217014 \ HR 8729)
In Paper I, we analyzed 18 yr of Ca II H and K spectrophotometry and 2 yr of photometry of 51 Peg and found that the low surface magnetic activity and lack of photometric variability supported the existence of a short-period planet as the cause of the radial-velocity variations discovered by Mayor & Queloz (1995) and conÐrmed by Marcy et al. (1997) . However, Gray (1997) announced the possible detection of spectroscopic line-proÐle variations that, if real, would refute the existence of a planetary companion in favor of nonradial pulsations in the star itself. Gray & Hatzes (1997) subsequently suggested pulsation modes that might be consistent with our nondetection of brightness variations (Paper I). However, further highresolution spectroscopic observations during the 1997 observing season by Gray (1998) , Hatzes, Cochran, Bakker (1998), and Brown et al. (1998) found no evidence of lineproÐle variations, so a low-mass companion remains the most plausible explanation for the radial-velocity variations. Our new photometry Ðnds no signiÐcant photometric variability at the same level of nondetection as in Paper I (see below).
The properties of 51 Peg are discussed in Paper I, Mayor & Queloz (1995) , Marcy et al. (1997) , and Fuhrmann et al. (1997) and are summarized in our Table 1 . The star is one of four stars found to be most like the Sun by participants of the Lowell Workshop on Solar Analogs (Hall 1998) . We computed the absolute magnitude, luminosity, and radius in Table 1 (Flower 1996) . Properties of the planet and its orbit from Mayor & Queloz (1995) , Marcy et al. (1997) , and updates from G. W. Marcy (1998, private communication) are given in Table 2 .
Photometry
We have now acquired 196 high-quality nightly photometric observations over Ðve observing seasons with the 0.75 m APT. The results are summarized in Table 3 . The yearly mean magnitudes given in column (5) Although the probability of transits is 11%, our photometric observations show that they do not occur. The error bars have the same meaning as in Fig. 3. close to (Guillot et al. 1997) . Therefore, the photo-1.4R Jup metric depth of a planetary transit across the 1.15 disk R _ of 51 Peg would be 0.015 mag, somewhat deeper than estimated in Paper I. The duration of the transit would bê 0.017 phase units, or roughly 3.4 hr. The probability that transits should occur is 11%. The uncertainly in the time of midtransit, according to G. W. Marcy (1998, private communication) , is only about 18 minutes, or 0.003 phase units, at this epoch. It is clear from Figure 4 that transits do not occur ; the inclination of the orbit to our line of sight must be less than 84¡.
Ca II H and K Spectrophotometry
In Paper I, we estimated the age of 51 Peg as D10 Gyr, based primarily on the long period (37 days), assumed to be rotation, in the 1989 observing season and also on its low Ca II Ñux. Fuhrmann et al. (1997) , using isochrone-Ðtting results, found a younger age, 4^2 Gyr, and Ford et al. (1998) estimated the age to be Gyr. Using our updated 7~5 4 value of SST \ 0.150, we estimate the age to be 7 Gyr.
Analysis of the recalibrated Ca II record reveals a slightly shorter rotation period, 36 days, in the 1989 observing season. Three additional possible but weak detections of rotational modulation were found in the 1980, 1984, and 1998 seasons with periods of 22, 23, and 22 days, respectively. If these three periods better indicate 51 PegÏs mean rotation period (22 days), then they imply an age of D3 Gyr, much younger than the D10 Gyr listed in Paper I and the 7 Gyr estimated from SST. If the 36 day period is also due to rotation, SPT becomes 25 days, which suggests an age of 4È5 Gyr. Such short periods can be reconciled with the starÏs low SST if 51 Peg is in a quiescent period, i.e., a Maunder minimumÈlike state (Baliunas & Jastrow 1990) .
If the new, shorter rotation period is correct, then the age given in Paper I was overestimated, and 51 Peg is closer to (or younger than) solar age. Until the mean rotation period can be more accurately determined, our interim conclusion is that 51 Peg is closer to solar age than previously reported, D3È7 Gyr, within the range of the estimates made by Fuhrmann et al. (1997) and Ford et al. (1998) et al. (1997) and Paper II, are summarized in Table 1 . We computed the absolute magnitude, luminosity, and radius in Table 1 with V \ 4.09 and B[V \ 0.54 from Mermilliod & Mermilliod (1994) , K from Edvardsson et al. (1993) , and a T eff \ 6212 bolometric correction of [0.030 from Flower (1996) . Properties of t AndÏs three planets and their orbits from Butler et al. (1999) are listed in Table 2 . Paper II contained no photometry of t And ; here we present 2 yr of data collected since then. The two outer planets around t And, with periods of 242 and 1269 days, are not addressed in this paper because the time span of our photometric and Ca II H and K observations is limited.
Photometry
The 121 nightly photometric observations taken with the 0.80 m APT over two observing seasons are summarized in Table 3 . The yearly mean magnitudes in column (5) 
of Butler et al. (1999) . A sine-curve Ðt to the data at the orbital period gives a semiamplitude of 0.00016^0.00013 mag (Table 4) , which is zero considering its uncertainty. The portion of the phase curve near the time of conjunction is replotted in the bottom panel of Figure 5 , where two additional nights of intensive observations (not included in and an orbital R _ radius 0.059 AU permit transits to occur for orbital inclinations in the range For a high-inclination orbit 90¡^7¡ .2. and a mass of the planet equal to the minimum mass, the planetary radius is approximately (Guillot et al.
1.4R
Jup 1997). Therefore, the photometric depth of a transit would be 0.008 mag, while the duration would be^0.020 phase units, or 4.4 hr. The probability for such a transit is 13%. The uncertainty in the time of midtransit, according to G. W. Marcy (1998, private communication) , is roughly 40 minutes, or 0.006 phase units. Our observations clearly eliminate the possibility of a transit, so the inclination of the orbit must be less than 83¡.
Ca II H and K Spectrophotometry
The HK Project only began regular observations of t And after the announcement of its possible planetary companion. Therefore, like the APT data, only a few years of observations are available. The star shows moderate yearto-year variability (Fig. 2) in Ca II H and K Ñux, although Butler et al. (1999) report no signiÐcant variation in the core of the Ca II 866.2 nm line.
Low-amplitude rotational modulation may be present in two observing seasons, with P D 11 days in 1996 and 19 days in 1998, with a grade of weak. A very weak 27 day period in 1997 is probably spurious. The starÏs SST and B[V suggest P D 11.6 days. Ford et al. (1998) argued that the rotation period should be even shorter, D9 days, to match the observed v sin i of 9 km s~1 (Gray 1986 ). Butler et al. (1999) state that the di †erence of D3 km s~1 in velocity renders them inconsistent ; however, this ignores the possible e †ects of surface di †erential rotation, which could be sufficient to explain the di †erence. Ford et al. point out that v sin i measurements depend heavily on the choice of a macroscopic turbulence parameter and advise caution in its use, although Gray determined a macroturbulent velocity of 5.8^0.8 km s~1, which is consistent with stars of similar spectral type. A better determination of the rotation period may resolve the disagreement.
Our age determination of 4 Gyr based on SST is consistent with that of 4^1 Gyr by Fuhrmann et al. (1998) and the estimates of 2^1 Gyr of Gonzalez (1998) and Gyr 3~1 2 of Ford et al. (1998) .
o1 Cnc (\ HD 75732 \ HR 3522)
The properties of o1 Cnc are discussed in Butler et al. (1997) and Paper II and summarized in Table 1 . We derived the absolute magnitude, luminosity, and radius in Table 1 (Flower 1996) . The properties of the planetary system, taken from and updated by G. W. Marcy (1998, private communication) , are shown in Table 2 . Butler et al. (1997) noted that the velocity residuals of the 14 day companion suggest a second companion with an orbital period greater than 8 yr and a minimum mass of Evidence for a 5M Jup . dust disk surrounding o1 Cnc has been reported by Dominik et al. (1998) ; from observations with the ISO satellite, they derive a total dust mass of in a disk 4 ] 10~5Mr anging between 50 and 60 AU from the star.
Photometry
In Paper II, we reported the results of our Ðrst season of photometry of o1 (55) Cnc, acquired with the 0.8 m APT, with respect to the comparison star o2 (58) Cnc (G8 IIÈIII). The other two comparison stars used that season were found to be low-amplitude variable stars and were replaced with 61 Cnc (F6 IVÈV) and HD 74546 (F2) for our second and third observing seasons. Our new observations reveal that o2 Cnc is also a low-amplitude variable. Therefore, in this paper we limit our discussion to the second and third observing seasons, summarized in Table 3 . Di †erential magnitudes, still in the (b ] y)/2 passband, have been computed with respect to 61 Cnc. The standard deviations in Table 3 show no evidence for intraseason variability of o1 Cnc ; the two yearly mean magnitudes also suggest no longer term variability.
The 210 nightly observations from these two observing seasons are plotted in Figure 6 
of G. W. Marcy (1998, private communication) . Fourier analysis of these data at the planetary period gives a semiamplitude of 0.00011^0.00009 mag (Table 4) , a somewhat tighter constraint than we reported in Paper II, which used the old comparison star. Periodogram analysis of the data reveal no signiÐcant periodicities between 1 and 100 days. The bottom panel of Figure 6 shows an expanded portion of the phase curve around the time of conjunction. Three additional nights of intensive observations from the 0.8 m APT (not included in the top panel of Figure 5 for reasons listed previously) have been added. The solid line shows the predicted drop in light for a transit of o1 Cnc b. With a stellar radius of 0.96 and an orbital radius of 0.11 AU, R _ the system could exhibit transits only over the inclination range For a mass equal to the minimum mass, 90¡^2¡ .3. Guillot et al. (1997) compute a radius of for the 1.1R Jup companion. Therefore, the depth of a planetary transit would be 0.014 mag, a little larger than we estimated in Paper II. The duration of a central transit would be^0.007 phase units, or 4.5 hr. The probability of a transit is 4.1%. The uncertainty in the time of midtransit, according to G. W. Marcy (1998, private communication) , is only about 38 minutes, or 0.002 phase units, at this epoch. Therefore, our observations clearly rule out any possibility of a transit ; the inclination of the orbit must be less than 87¡ .7.
Recently, Trilling & Brown (1998) have succeeded in imaging the dust disk suspected by Dominik et al. (1998) with the cooled coronagraph of the 3 m Infrared Telescope Facility (IRTF) on Mauna Kea. They measure its inclination to be This low inclination is consistent with 27¡~1 1] 8] . the lack of observed photometric transits. If the planetÏs orbit lies in the same plane, its mass is well 1.9~0 .4
1.1 M Jup , below the mass of brown dwarfs.
Ca II H and K Spectrophotometry
The Ca II record (Fig. 2) shows signiÐcant year-to-year changes, suggesting cyclic activity with a maximum in 1995. Rotation was conÐdently detected in Ðve seasons (Table 5) The probability of transits is 4.2%, but our photometric observations clearly show that they do not occur. The error bars have the same meaning as in Fig. 3. on SST. Both SPT and SST imply that the star is solar age (4È5 Gyr). Gonzalez & Vanture (1998) have reduced their age estimate to 4^3 Gyr. Fuhrmann et al. (1998 ; their Fig. 5 ) place o1 Cnc below the zero-age main sequence (ZAMS), and suggest that the star is very young, but they assign to their age an uncertainty that extends to the age of the Sun and overlaps the revised value of Gonzalez & Vanture (1998) . Ford et al. (1998) estimate the age to be Gyr. 8~8 7 The age determined from SST and SPT, 4.5 Gyr, is consistent with the ages from evolutionary-track comparisons, given the large uncertainties.
o CrB (\ HD 143761 \ HR 5968)
The discovery of a companion to o CrB was announced by Noyes et al. (1997a Noyes et al. ( , 1997b . The planet possesses a minimum mass of and moves in a circular orbit 1.1M Jup with a period of 40 days. The properties of this old G0È2 V star, based in part on the new parallax from the Hipparcos catalogue, are reviewed by Noyes et al. (1997a) and are summarized in our Table 1 . The properties of the planetary companion and its orbit from the same source are given in Table 2 , with updates from R. W. Noyes (1998, private communication) .
Photometry
Since 1993, we have accumulated 404 group observations with the 0.75 m APT. Results from the six observing seasons are given in Table 3 . Yearly mean magnitudes are di †eren-tial (b ] y)/2 magnitudes in the sense of o CrB minus n CrB (HD 140716), the best of our three comparison stars. The standard deviation of a single group observation from the yearly mean for each observing season ranges from 0.0009 to 0.0017 mag and is consistent with a constant star. Periodogram analysis of the individual observing seasons and of the six seasons taken together reveal no signiÐcant periodicities in the range 1È100 days.
The photometric results in Table 3 show both intra-and interseasonal photometric stability in o CrB. The range in the yearly mean magnitudes is insigniÐcant, only 0.0003 mag over the Ðrst four seasons. Although o1 CrB is apparently brighter by about 0.001 mag in the Ðfth and sixth seasons, we suspect instead a fading of the comparison star, n CrB. The radius of n CrB, estimated from the Hipparcos parallax and the B[V \ 1.06 color index given in Mermilliod & Mermilliod (1994) , is 9È10 and is thus consistent R _ with the gG9 classiÐcation listed in the Bright Star Catalogue and our own spectral classiÐcation of K0 III. A signiÐcant percentage of late G giants and K giants used as comparison stars in our long-term program of precision photometry are low-amplitude variable stars (Fekel & Henry 1998 ). While we cannot conÐrm the fading of n CrB because of even greater photometric variations in the other two comparison stars, the nonvariability of o CrB is supported by the comparative Ñatness of its Ca II record (Fig.  1) . The standard deviation of the yearly mean magnitudes from column (5) of Table 3 from the mean of the means, given as 0.0001 mag in Table 4 , does not include the results of the Ðfth and sixth observing seasons.
The photometric observations from the six seasons are plotted modulo the planetary orbital period in the top panel of Figure 7 . Normally, one observation is acquired per night, but the 404 observations include 54 taken on the three nights, JD 2,450,977ÈJD 2,450,979. Zero phase is the time of inferior conjunction of the planetary companion (the predicted time of planetary transit for favorable inclinations) and was computed with the updated ephemeris JD conj \ 2,450,977.79 ] 39.90E (5) from R. W. Noyes (1998, private communication) . The individual observations in seasons 1, 2, 5, and 6 have been adjusted so that their yearly means equal those of seasons 3 and 4. Fourier analysis of these data at the planetary period gives a semiamplitude of 0.00011^0.00009 mag (Table 4) , so any real light variation at this period must be extremely small. The portion of the phase curve near the time of conjunction is replotted in the bottom panel of Figure 7 , with an expanded scale on the abscissa. The solid line shows the drop in light that would result from a central transit of o CrB b. For such a transit to occur, the inclination of the orbit would have to be and the mass of the planet 90¡^1¡ .5, The radius of the planet, estimated from the 1.1M Jup . models of Guillot et al. (1997) , would then be D1.1R Jup , including the e †ects of insolation from the star. This planetary radius, combined with the stellar radius of 1.31
for o R _ CrB, gives a predicted transit depth of 0.007 mag, easily observable at our precision of 0.001 mag for a single observation. With an orbital radius of 0.23 AU, the full duration of a central transit of o CrB b would be^0.004 phase units, or 8.0 hr. The geometric probability that transits of the planet occur is 2.6%. One of our three nights of intensive photometric monitoring (not included in the top panel of Figure 5 for reasons listed previously) around the conjunction completely covers the predicted transit window and shows no evidence of a transit. However, the uncertainty in the predicted time of transit from R. W. Noyes (1998, private communication) is 0.5 days, or 0.013 phase units. Therefore, given that the transit could be shorter than the 8 hr calculated for a central passage, our data do not rule out the possibility of a transit.
We note that the Hipparcos catalogue gives an astrometric orbital solution for o CrB with a period of 78.0^0.9 days, which is twice the planetary orbital period, within the errors, of Noyes et al. (1997a) . The semimajor axis of the photocentric orbit is given as 2.34^0.86 mas, and the orbital inclination is 104¡^17¡. However, the planetary companion discovered by Noyes et al. should produce an astrometric wobble of only 0.01 mas or so for likely values of the inclination and corresponding mass of the planet. Therefore, the radial-velocity variations in o CrB predicted by the Hipparcos results should be 100 times larger than those observed. Furthermore, since the size of the orbit in the Hipparcos catalogue is only 2.7 times its uncertainty, we conclude that the Hipparcos results are spurious.
Ca II H and K Spectrophotometry
The Ca II record for o CrB is plotted in Figure 1 . The predicted rotation period is 19.9 days ; Ðve detections of rotation have been made over 18 yr. The average period is 19 days, with a grade of conÐrmed ; periods range from 17.2 to 19.8 days (Table 5 ). The rotation period and SST both suggest an age of D6 Gyr, lower than that of Gonzalez (1998 ; 11^2 Gyr), Fuhrmann et al. (1998 ; 10^2 Gyr), and Ford et al. (1998 ; 14^2 Gyr) . Fuhrmann et al. (1998) point out that the predicted rotation period combined with previously determined v sin i values of 1.0È1.5 km s~1 suggests a low inclination (less than 35¡), which is consistent with the nondetection of a photometric transit. The larger v sin i value found here (2.1^0.5 km s~1) is within two standard deviations of the previous range and is also consistent with the observed rotation period. The new, larger value of v sin i yields a larger inclination (greater than 52¡), still consistent with the observed lack of transits.
70 V ir (\ HD 117176 \ HR 5072)
The companion to 70 Vir was discovered by ; stellar properties were discussed in that paper and in Paper I and are summarized in Table 1 . We computed the absolute magnitude, luminosity, and radius in Table 1 Gray (1994) , and a bolometric correction of [0.132 from Flower (1996) . Table 2 summarizes the properties of the planetary system from and G. W. Marcy (1998, private communication) .
Photometry
In Paper I, we presented photometric observations of 70 Vir over three observing seasons ; here we extend our coverage to six seasons. The 387 nightly observations from these six seasons are summarized in Table 3 Table 3 are also consistent with short-term nonvariability. The yearly mean magnitudes imply a gradual brightening of 70 Vir of over 0.002 mag, but we suspect at least some of this to be a dimming of the comparison star. Therefore, the long-term variation in 70 Vir, given in Table 4 as 0.0010 mag, is an upper limit. The bottom panel of Figure 8 shows a portion of the light curve expanded around the time of conjunction. For a stellar radius of 1.93
and an orbital radius of 0.43 AU, R _ transits of the companion could occur over a range of inclinations Guillot et al. (1997) compute the radius 90¡^1¡ .2. of the companion to be for a mass equal to the D1.05R Jup minimum mass, so the photometric depth of a planetary transit would be only about 0.003 mag. For a central transit, the duration would be roughly^0.003 phase units, or a total of 18.5 hr. The solid line in Figure 8 illustrates the depth and duration of such a transit. Our observations cover the predicted time of midtransit, yet no transit is seen. Since the uncertainty in the time of midtransit is 0.003 phase units, or about half of the transit duration, we cannot completely rule out the possibility of a transit. The geometric probability for transits is 2.1%.
Ca II H and K Spectrophotometry
The long-term Ca II Ñux record is plotted in Figure 2 . There is a downward trend in S with time, but no signiÐcant variability. The expected rotation period estimated from the mean level of activity is 35.8 days ; rotational modulation was possibly detected during the 1997 and 1998 observing seasons with periods of 29 and 31 days, respectively, but the period determination is listed as weak (Table 5) .
The age inferred from SST is D8 Gyr and agrees with previous values of 8^1 Gyr (Gonzalez 1998 ) and 7^2 Gyr (Fuhrmann et al. 1997) . The observed rotation periods suggest a younger age, D4 Gyr, but the weak detection of rotation makes this estimate doubtful. star. Bottom : Photometric observations of 70 Vir near the time of conjunction, replotted with an expanded scale on the abscissa. The geometric R _ probability of transits is 2.1%. Our observations cover the predicted time of midtransit and do not reveal any dimming. Since the uncertainty in the time of transit is 0.003 phase units or about half of the transit duration, our photometric observations do not completely rule out the possibility of a transit. The error bars have the same meaning as in Fig. 3. 
16 Cyg B (\ HD 186427 \ HR 7504)
The companion to 16 Cyg B, with a minimum mass of and an eccentric 800 day orbit, was discovered by 1.5M Jup Cochran et al. (1997) . This star is the slightly fainter component of the visual binary ADS 12815, composed of two early G dwarfs separated by 39A. Both components have properties very similar to the Sun and were among the four stars rated as the closest solar analogs at the Lowell Observatory Workshop on Solar Analogs held in 1997 October (Hall 1998) . Cochran et al. (1997) review the properties of 16 Cyg B, and these are summarized in our Table 1 . We computed the absolute magnitude, luminosity, and radius, with V \ 6.21 and B[V \ 0.66 from Mermilliod & Mermilliod (1994) , K from Friel et al. (1993) , and a bolo-T eff \ 5760 metric correction of [0.098 (Flower 1996) . Properties of the planetary system from Cochran et al. (1997) and G. W. Marcy (1998, private communication) are given in Table 2 .
Photometry
We have no photometry of 16 Cyg B because of difficulties the 0.8 m APT experienced in acquiring and isolating the fainter component of the visual binary system.
Ca II H and K Spectrophotometry
The Ca II record of 16 Cyg B is plotted in Figure 2 . Low-amplitude variability is seen from season to season. The expected rotation period estimated from the mean activity level is 27.4 days (Table 5) . Only two weak detections of rotational modulation are evident in 1996 (38 days) and 1997 (25 days), so the period is poorly determined. The v sin i value is consistent with the rotation period. The age inferred from SST is D6 Gyr for 16 Cyg B ; the mean activity of 16 Cyg A (SST \ 0.151) results in an estimated age of 7 Gyr. These are close to the lower limit of ages derived by Gonzalez (1998 ; 9^2 for both 16 Cyg A and 16 Cyg B) and Fuhrmann et al. (1998 ;  
47
(\ HD 95128 \ HR 4277) UMa announced the presence of a planet orbiting 47 UMa and reviewed the properties of the star. Further discussion of the stellar properties can be found in Paper I and in Fuhrmann et al. (1997) . These are summarized in Table 1 , where we compute the absolute magnitude, luminosity, and radius, with V \ 5.05 and B[V \ 0.61 from Mermilliod & Mermilliod (1994) , T eff \ 5882 K from Edvardsson et al. (1993) , and a bolometric correction of [0.067 (Flower 1996) . Properties of the planet and its orbit from and G. W. Marcy (1998, private communication) are summarized in our Table 2 .
Photometry
In Paper I, we presented photometric observations from the early part of our Ðrst observing season obtained with the 0.75 m APT. We now have 242 observations from three seasons ; these are summarized in Table 3 . Yearly mean magnitudes are di †erential (b ] y)/2 magnitudes in the sense of 47 UMa minus HR 4264 (K2 III). The standard deviations given in column (6) of Table 3 are fairly small, indicating that 47 UMa is constant within each season. The mean magnitudes indicate a slight change of 0.0008 mag over 3 yr owing to photometric changes in the comparison star. The other two comparison stars were more variable than HR 4264 and were replaced in season 2. The two new comparison stars show better stability than HR 4264, but HR 4264 is the only comparison star that was used in all three observing seasons. Therefore, the long-term standard deviation of 0.0004 mag given in Table 4 is an upper limit.
The 242 nightly observations are plotted in the top panel of Figure 9 against the orbital phase of the planet computed with the ephemeris
where the time of conjunction has been derived from an updated orbital ephemeris (G. W. Marcy 1998, private R _ replotted with an expanded scale on the abscissa. The uncertainty in the time of transit is roughly 0.01 phase units, so our observations do not rule out the possibility of transits ; the geometric probability for them is only 0.27%. The error bars have the same meaning as in Fig. 3. communication). The phases of the observations are not well distributed because of the long orbital period ; our data extend over slightly less than one complete orbit. The group of points centered near phase 0.0 is our Ðrst observing season. Fourier analysis on the planetary orbital period gives a semiamplitude of 0.00048^0.00013 mag (Table 4) , but this apparent variation is likely from variability in the comparison star, as discussed above. Therefore, the semiamplitude on the planetary orbital period is an upper limit to variability in 47 UMa.
The portion of the phase curve near the time of conjunction is replotted in the bottom panel of Figure 9 . The solid line shows the drop in light for a central transit of the planet across the 1.22 disk of 47 UMa. For a mass equal to the R _ minimum mass, the radius of the planet computed from the models of Guillot et al. (1997) would be which gives 1.1R
Jup , a transit depth of 0.0085 mag. The duration of a central transit would be^0.00043 phase units, or a total of about 22.5 hr. At the orbital radius of 2.1 AU, however, planetary transits would occur only for inclinations in the range 90¡ Their geometric probability is only 0.27%. Thê 0¡ .16. predicted time of conjunction occurs near the middle of our Ðrst observing season. The uncertainty in the time of conjunction is roughly^10 days, or^0.01 phase units. Therefore, our photometry clearly does not rule out the possibility of transits, although their probability is very low.
Ca II H and K Spectrophotometry
The Ca II record for 47 UMa is plotted in Figure 2 . The starÏs activity has been increasing over the last 6 yr. One marginal detection of a weak 71 day period comes from the 1994 season. This is inconsistent with the predicted period of 21 days. However, a 71 day period is marginally consistent with the observed v sin i (2^1 km s~1) and stellar radius derived from Hipparcos parallax if 47 UMa has evolved o † the main sequence and begun to spin down.
If 47 UMa is on the main sequence, its age inferred from SST is 6 Gyr (Table 6 ), in agreement with other estimates of 8^2 Gyr (Gonzalez 1998) and 6.5 Gyr (Ng & Bertelli 1998) . 4.9. Gl 411 (\ HD 95735 \ L alande 21185) Gatewood (1996) reported accelerations in the astrometric motion of Gl 411 that indicate the presence of a planetary system. The shorter period component of the accelerations implies a planet with a probable mass of and a 5.8 yr circular orbit. If conÐrmed, this would 0.9M Jup be the Ðrst example of an extrasolar planetary system found via astrometric means.
As the fourth-closest stellar system to the Sun (Henry et al. 1997b) , Gl 411 has been a prime target of astrometric searches for planetary companions for nearly 50 yr (Gatewood et al. 1992 and references therein). Perturbations in its proper motion with periods of 8.0 yr (Lippincott 1960) and 22 yr (Hershey & Lippincott 1982) have been reported but never conÐrmed. Companions have also been sought unsuccessfully with speckle interferometry (Henry & McCarthy 1990 ) and radial-velocity techniques (Marcy & Benitz 1989 ). An old disk star (Eggen 1979) , Gl 411 is an M2 dwarf (Henry, Kirkpatrick, & Simons 1994 ) with a metallicity slightly less than solar (Mould 1978 (1978) 12 yr study of Ca II variations in lower main-sequence stars and continues to be observed as the coolest star in the HK Project (Baliunas et al. 1995) . Ca II H and K Ñuxes are lower than in the more active dMe stars, but Ñaring activity has been observed in the H and K lines by Donahue et al. (1986) . Giampapa et al. (1996) have also detected coronal X-rays with ROSAT . The basic properties of the star are listed in Table 1 . We computed the absolute magnitude, luminosity, and radius, with V \ 7.50 and B[V \ 1.51 from Mermilliod & Mermilliod (1994) , K from T eff \ 3350 OÏNeal & Ne † (1997) , and a bolometric correction of [1.178 from Flower (1996) . Properties of the inferred planetary orbit from Gatewood (1996) are given in Table 2. 4.9.1. Photometry After GatewoodÏs (1996) announcement, we placed Gl 411 on the observing menu of the 0.4 m APT. We have observations from two observing seasons, a much shorter time span than the orbital period reported for the companion. Yearly means of the photometry are given in Table 3 , along with their errors. Johnson B and V di †erential magnitudes are in the sense of Gl 411 minus the comparison star HD 95485 (V \ 7.3, F0) and have been combined into a single (B ] V )/2 passband to improve precision. The observed standard deviations of single observations from the yearly means are between 0.003 and 0.004 mag and so are consistent with the nonvariation of both stars as measured with this telescope. There is no evidence in the data for short-term Ñaring activity. Periodogram analysis reveals no signiÐcant periods in the range 1È100 days. The two yearly means are identical to within 0.0002 mag ; the standard deviation of the two yearly means from their mean is 0.0001 mag (Table 4) . Therefore, we Ðnd no evidence so far of any photometric variability in Gl 411. For comparison, Weis (1994) found signiÐcant long-term photometric variability in 21 of 43 dwarf M stars, a few of which were dMe stars. If the 5.8 yr orbit is conÐrmed, the probability that transits occur for the companion is only about 0.078%.
Although the reported planet orbiting Gl 411 was detected astrometrically, hypothetically, a change in the presence of surface inhomogeneities can introduce photocenter wander, which could mimic astrometric accelerations. This e †ect would also increase with decreasing distance (2.55 pc for Gl 411). Surface inhomogeneities producing Ñux variations of 0.1% would result in a photocenter motion of D10 kas at a distance of 1 pc, or D4 kas at the distance of Gl 411 ; the latter is the intended precision of the Space Interferometry Mission astrometric grid. Our photometric time series does not yet cover one orbital period, but the year-to-year variability suggests that, on a timescale of 6 yr, Gl 411 would vary with an amplitude of less than 0.001 mag (0.1%). Nonetheless, the e †ects of activity on precision astrometric measurements need to be considered in the search for planetary candidates in astrometric data.
The Ca II H and K record of Gl 411 is shown in Figure 1 . Baliunas et al. (1995) characterize the long-term behavior as variable (i.e., signiÐcant variability without pronounced periodicity). The Ca II Ñux record presented here is also classiÐed as variable. Donahue et al. (1986) inferred a rotation period of 47 days from the 1981 observing season. Nine determinations of rotational modulation have been made during eight observing seasons, with a mean period of 45 days. However, two groups of periods are listed in Table 5 . Five very conÐdent periods lie in the range 51È60 days (the 51 day period is from the 1981 observing season). The remaining four periods range from 30 to 35 days. A large range in period may be explained by surface di †erential rotation. Both groups of periods are consistent with the small and uncertain v sin i^1.4^1 km s~1. (Table  4) . For 47 UMa, we have shown that photometric variations on the 2.8 yr planetary period are similarly small, although our precision is adversely a †ected by variability of the comparison star. Our two seasons of photometry of Gl 411 cover only 25% of the suspected 6 yr orbit, but so far we see no detectable long-term photometric variations to a precision of 0.0001 mag.
Our photometric observations are sufficient to rule out surface magnetic activity as the cause of the observed radial-velocity variations for all the stars except Gl 411 and 16 Cyg B. The radial-velocity amplitudes for the stars range from 46 to 463 m s~1 (Table 2) . Saar, Butler, & Marcy (1998) concluded (see the right panel of their Fig. 1 ) that F, G, and K dwarfs generally produce intrinsic (nonreÑex) radial-velocity variations greater than about 50 m s~1 only if they have Ca II emission ratios of around [4.5 (log R HK @ ) or larger. However, all of our stars, except Gl 411, have values substantially less than [4.5 (Table 6 ). In log R HK @ addition, Baliunas et al. (1998) have shown that Sun-like stars with greater than [4.5 always have detectlog R HK @ able photometric variations with standard deviations of 0.005 mag or larger (see their Fig. 10 ). For example, Queloz et al. (1999) found that radial-velocity variations with an amplitude of 80 m s~1 in the G0 dwarf HD 166435 were produced by starspots that generated a photometric amplitude of 0.06 mag. Therefore, surface magnetic activity sufficient to produce a measurable radial-velocity signal will also produce signiÐcant photometric variations. The lack of photometric variations to the precisions established above argues that the radial-velocity variations are not caused by surface magnetic activity.
The extent to which we can use the lack of photometric variations to exclude nonradial oscillations as the source of the radial-velocity variations is not as clear. Gray & Hatzes (1997) and review some of the difficulties in predicting expected photometric variations arising from various pulsation modes. While photometric variations are expected in many situations, they suggest that some pulsation modes might be capable of mimicking reÑex radial-velocity variations and yet result in photometric variations below our level of detection. In particular, they speculate that geometric e †ects of the oscillations might be cancelled by out-of-phase temperature variations, producing little net change in light. However, detailed physical models of these processes do not exist, and observational conÐrmation (i.e., observed line-proÐle variations coincident with a high level of photometric nonvariability) is lacking. Recent high-resolution spectroscopic observations of 51 Peg (Gray 1998 ; Brown et al. 1998 ) and q Boo Ðnd no evidence for line-proÐle variations, in agreement with our stringent limits on photometric variations. Moreover, classes of stars that do exhibit line-proÐle variations from nonradial oscillations (d Scuti stars, b Cephei stars, Ap stars, slowly pulsating B stars, c Dor stars, ZZ Ceti stars, and possibly some K giants) all have associated photometric variability. Thus, a lack of photometric variations at the 0.0001 mag level in the planetary-candidate stars argues against nonradial pulsations as the cause of the radial-velocity variations. Therefore, our photometry provides strong support for true reÑex motionsÈplanetsÈin the stars q Boo, 51 Peg, t And, o1 Cnc, o CrB, 70 Vir, and 47 UMa, but cannot yet directly support the planetary hypothesis for 16 Cyg B or Gl 411. Charbonneau, Jha, & Noyes (1998) have modeled the combination of a spectrum of a Sun-like star with the reÑec-ted spectrum of a planet in a short-period orbit around the star. They Ðnd that for a sufficiently high albedo, the reÑec-ted spectrum from the planet may produce small but detectable distortions in the combined spectral line proÐles of the star and planet. have searched for this reÑected light of the planetary companion of 51 Peg in their high-resolution spectra. Their negative result implies that the planet is at least 2000 times fainter than the star, in agreement with the small semiamplitude of our photometry listed in Table 4 . Here we examine the possibility that in our photometry we might similarly detect the reÑected light from one of the short-period planets as the planetÏs illumination changes the combined light as a function of orbital phase. To estimate the amplitude of the expected phase e †ect, we consider that if Jupiter (with a radius of 11.2 Râ nd an albedo of 0.70) were moved to within 0.051 AU of the Sun (51 Peg bÏs orbital radius) and then viewed at interstellar distances and a high orbital inclination, the di †ering phases of illumination would produce a light curve with an amplitude of 0.00004 mag. If its mass were reduced to the equivalent of 51 Peg bÏs minimum mass, the e †ects of insolation would swell its radius to roughly 1.4 (Guillot et R Jup al. 1997) , thus doubling its reÑective surface area and photometric amplitude to about 0.00008 mag.
Direct Detection of Planets in ReÑected L ight
The precision of our photometry is approaching the precision needed to detect phase e †ects of this magnitude. The semiamplitudes of the photometric data and their errors listed in Table 4 come directly from least-squares sine Ðts to the data on the planetary orbital periods. The semiamplitudes are all 0.0001 or 0.0002 mag, and their error bars are all approximately 0.0001 mag, although half of them are a bit smaller (0.00009 mag). This is comparable to the size of the phase e †ect estimated above. Since the phase e †ect is strictly repeating, improvements to the precision of the phase curves are possible with additional observations over more cycles, even without improvement in the precision of individual observations. Concentrated observing e †orts over the next couple of years may bring the precision down to around 0.00005 mag. ConÐrmation of an observed reÑection e †ect could come from the phase of minimum of the observed light curve : the minimum of the phase e †ect must occur at phase 0.0, the time of inferior conjunction (planet in front) computed from the radial-velocity obser-vations. This is when the dark, unlit hemisphere of the planet faces the earth. The semiamplitude results in Table 4 show that we have achieved the highest precision for q Boo, o1 Cnc, and o CrB. The phases of minimum of the sine Ðts to the photometry of these systems are 0.79^0.13, 0.84^0.11, and 0.15^0.13, respectively, all between 1 and 2 p of phase 0.0 (although the error bars are still rather large).
Continued monitoring of the short-period systems is needed to see whether their phase e †ects become unambiguously detectable. Alternatively, negative results of sufficiently high precision would provide constraints on combinations of radius, albedo, and inclinationÈuseful for validating models of the atmospheres of short-period extrasolar planets (e.g., Seager & Sasselov 1998 ; Marley et al. 1999 ; Seager et al. 1999 ). The calculations of Marley et al. (1999) suggest that b and y passbands should be Stro mgren near optimal for detecting the reÑected light, even for hot, cloud-free planetary atmospheres that would absorb most radiation beyond 0.6 km. Seager et al. (1999) present the results of detailed calculations of predicted optical photometric light curves of short-period planets with reÑectivities determined by di †erent particle sizes of various condensates in their atmospheres. For sufficiently large particle sizes (greater than 1 km), they Ðnd photometric amplitudes as high as the 0.00008 mag amplitude estimated above, which may eventually be detectable by the APTs. For smaller particles, the predicted amplitudes decrease drastically, some to less than 0.000001 mag, far below any possible groundbased detection limit. Charbonneau et al. (1999) have just published the results of their spectroscopic search for the reÑected light from q Boo b and report the reÑected light Ñux to be less than 0.00005 mag. This implies a planetary geometric albedo of 0.3 or less near 480 nm, assuming the planetary radius is 1.2R Jup .
T ransit Search Results
Our photometry shows that transits deÐnitely do not occur in q Boo, 51 Peg, t And, and o1 Cnc, and probably do not occur in o CrB and 70 Vir. Our results are inconclusive for 47 UMa, and we do not have the data to address the question for 16 Cyg B and Gl 411. However, the transit probabilities are very small for these last three systems (Table 4) . Using the transit probabilities given in Table 4 , computed as the ratios of the stellar radii to the semimajor axes of the planetary orbits (Schneider 1996) , we calculate the probability of Ðnding at least one transit from among the six planets that have negative transit-search results. This is given by P(one transit) \ 1 [ P(no transits) ,
where P(no transits) is the probability of Ðnding no transits. This, in turn, is given by P(no transits) \ P 1 (no transits) ] P 2 (no transits) ] . . . ] P 6 (no transit) ,
where transits) is 1 minus the transit probability from P i (no Table 4 . Then, P(no transits) \ 0.61 .
Therefore, our negative transit-search results are not yet problematical, since there is a greater than even chance (61%) of not Ðnding a transit in this sample. However, as additional short-period, Jupiter-sized planetary candidates are found, the probability of Ðnding a transit will increase signiÐcantly. Continued failure to Ðnd transits would begin to cast doubt on the planetary hypothesis as the most viable explanation for the radial-velocity variations. Success, on the other hand, will lead to direct measurements of extrasolar planet sizes and densities. The predicted depths of the planetary transits in this paper are based on planetary radii computed from the models of Guillot et al. (1997) . These models assume a composition of hydrogen and helium in solar proportions with no rocky core and an albedo similar to JupiterÏs, and include the atmospheric enlargement e †ects of insolation from the host star in each system. Observed transits with depths signiÐcantly less than those predicted would imply a higher density than predicted by the models and indicate the presence of a rocky core.
The transit-search light curve of t And in the bottom panel of Figure 5 can be used to estimate a limit to the transit depth we could observe in our photometry. We replot those data here in Figure 10 and adjust the observations that fall within the transit window downward by 0.001 mag in order to simulate a shallow transit. The dashed line across the top of the window corresponds to the out-of-transit light level and renders the drop in light easily visible. The 40 observations within the transit window have a standard deviation from their mean of 0.0010 mag ; the standard deviation of their mean is 0.0002 mag. Therefore, this transit corresponds to a 5 p event and implies that a transit of a short-period planet occurring at the predicted time of conjunction should be detectable even for depths approaching 0.0002 mag, especially because repeated observations of successive events could be combined. Since the transit of a planet across a 1 star would produce a 1R^R _ transit depth of 0.000084 mag, our 0.0002 mag limit corresponds to the transit of a planet across a 1 star. If 1.5R^R _ the shortÈorbital-period planets under consideration in this paper are not gas giants, as currently assumed, but have rocky compositions throughout, their radii would be only . Therefore, they would give D1 3 R Jup transit depths of only 0.001 mag or so, but they would still be detectable in our photometry.
Year-to-Y ear Stellar Photometric V ariations
Our measure of year-to-year photometric variations is the standard deviation of a starÏs yearly mean magnitudes FIG. 10 .ÈTransit-search light curve of t And from the bottom panel of Fig. 5 , replotted here with the observations that fall within the transit window, adjusted downward by 0.001 mag to simulate a shallow transit. The dashed line across the top of the transit window corresponds to the out-of-transit light level and renders the drop in light easily visible. This demonstrates that transits of the short-period planets sought in this paper would have been detectable even for planets with rocky compositions. Vol. 531 (from Table 3 ) with respect to the mean of the yearly means. These standard deviations are given as in column (3) of p long Table 4 . We Ðnd signiÐcant long-term variations only in q Boo, with mag. As discussed in the q Boo p long \ 0.0008 section above, these variations are intrinsic to q Boo and are not the result of measurement errors or variations in the comparison stars. All the other stars have less than p long 0.0001 or 0.0002 mag, about the limit of our measurement precision, or have comparison stars that we suspect are slightly variable from year to year.
q Boo has the shortest observed rotation period and is the youngest star in this sample. The range in its yearly mean magnitudes is D0.002 mag, roughly twice the 0.0008 mag long-term variation in the SunÏs total irradiance observed with the ACRIM radiometer on board the SMM satellite (Willson 1997) . Although q Boo, an F7 dwarf, has a more shallow convection zone than the Sun, its much shorter rotation period still means that enough magnetic activity is generated through the dynamo mechanism for it to produce long-term brightness variations exceeding the SunÏs irradiance variations associated with the sunspot cycle.
5.5. Ca II H and K V ariability In Papers I and II, we noted that aside from q Boo, which shows a large-amplitude Doppler velocity variation, the stars then announced to have planetary companions were relatively inactive, with little or no surface magnetic activity, i.e., Ca II Ñux variability. Low activity is a bias favoring the detection of low-amplitude Doppler reÑex velocities, especially if orbital periods are suspected near timescales of activity variability, e.g., rotational modulation. Five of the nine stars here show little variability, supporting planets instead of surface activity variations as the cause of Doppler variations. Long-term variability is clearly evident for Gl 411, o1 Cnc, and t And, as well as q Boo. For stars whose reported planetary orbital periods di †er from the observed activity periods, or whose reÑex velocity amplitude is substantial, activity variations do not refute the planet hypothesis. For stars whose reported planets have orbital periods of years, such as t And ) and o1 Cnc (Marcy & Butler 1998) , the e †ect of long-term surface activity variations on radial-velocity variations must be assessed.
